The impacts of enhanced aerosol concentrations such as those associated with dust intrusions on the trimodal distribution of tropical convection have been investigated through the use of large-domain (10 000 grid points), fine-resolution (1 km), long-duration (100 days), two-dimensional idealized cloud-resolving model simulations conducted under conditions of radiative-convective equilibrium (RCE). The focus of this research is on those aerosols that serve primarily as cloud condensation nuclei (CCN). The results demonstrate that the large-scale organization of convection, the domain-averaged precipitation, and the total cloud fraction show only show a weak response to enhanced aerosol concentrations. However, while the domainwide responses to enhanced aerosol concentrations are weak, aerosol indirect effects on the three tropical cloud modes are found to be quite significant and often opposite in sign, a fact that appears to contribute to the weaker domain response. The results suggest that aerosol indirect effects associated with shallow clouds may offset or compensate for the aerosol indirect effects associated with congestus and deep convection systems and vice versa, thus producing a more moderate domainwide response to aerosol indirect forcing. Finally, when assessing the impacts of aerosol indirect forcing associated with CCN on the characteristics of tropical convection, several aspects need to be considered, including which cloud mode or type is being investigated, the field of interest, and whether localized or systemwide responses are being examined.
Introduction
Tropical convection is important to many of the interactions and feedback mechanisms of the climate system (Arakawa 2004; Stephens 2005) , playing a crucial role in the production of precipitation and the maintenance of the earth's energy budget. The importance of convection in regulating the large-scale circulations, thermal structure, and heat balance of the tropical atmosphere has long been recognized (Riehl and Malkus 1958 ) and continues to receive attention (Fierro et al. 2009 ). Any changes to tropical convection through external forcing may therefore have significant implications for the tropical atmosphere and globe as a whole. Enhanced aerosol concentrations, such as those associated with Saharan or Asian dust intrusions, represent one such potential forcing mechanism. Aerosols, whether natural or anthropogenic, affect the climate both directly through the absorption and scattering of solar radiation (the direct aerosol effect) and indirectly by modifying cloud properties and precipitation processes, which in turn influence cloud radiative feedbacks [aerosol indirect effects (AIEs)]. Quantitative estimates of these effects are highly uncertain, and AIEs are still regarded as one of the most uncertain aspects of climate change (Houghton et al. 2001; Solomon et al. 2007 ). If we are to represent both convective processes and aerosol indirect forcing (AIF) more effectively in regional and global climate models, we need to enhance our understanding of AIEs on tropical convection. The overarching goal of the research presented here is therefore to investigate the impacts of AIF associated with cloud condensation nuclei (CCN) on the dynamical and microphysical properties of tropical convective clouds through the use of a radiative-convective equilibrium (RCE) framework.
a. Tropical clouds
Initial studies of tropical cloud distributions suggested a bimodal distribution consisting of shallow trade wind cumulus clouds associated with the trade wind inversion of the descending branches of the Hadley and Walker circulations, and deep cumulonimbus clouds (''hot towers'') in the intertropical convergence zone (ITCZ) (e.g., Riehl and Malkus 1958) . A trimodal distribution of clouds consisting of shallow cumulus, cumulus congestus, and deep convection was subsequently identified within regions of active convection in the tropics (Johnson et al. 1999) . The cloud tops of these three cloud types appear to be in close proximity to prominent stable layers that inhibit cloud growth and promote cloud detrainment (Johnson et al. 1999; Posselt et al. 2008 ). Shallow cumulus occur over most of the tropical oceans beyond convergence zones and are important in maintaining the trades and in serving as a moisture source for the boundary layer that supplies deep convection (Riehl and Malkus 1958; Augstein et al. 1973; Betts 1973; Nitta and Esbensen 1974) . Cumulus congestus frequently form part of multiple-layered systems (Stephens and Wood 2007) and appear to play a significant role in moistening the middle troposphere prior to deep convection (Johnson and Lin 1997; Johnson et al. 1999) . The deep convective mode maintains the temperature and moisture structure of the convective atmosphere through latent heat release and convective entrainment, and it affects the general circulation through the transport of momentum, moisture, and energy (Riehl and Malkus 1958; Fierro et al. 2009 ). Each cloud mode therefore appears to play an important, unique role in the tropics. In spite of this previous research, much is still not understood about these tropical cloud modes including how they might respond to AIF and the resultant response that this may have on the moisture and energy budgets of the tropics.
b. Aerosols
A number of observational studies have demonstrated the first (Twomey 1974) and second (Albrecht 1989) aerosol indirect effects on clouds and precipitation, including smaller cloud droplets, optically thicker clouds, and the suppression of precipitation (e.g., Warner and Twomey 1967; Borys et al. 1998; Rosenfeld and Lensky 1998; Rosenfeld 1999 Rosenfeld , 2000 Heymsfield and McFarquhar 2001; Hudson and Yum 2001; Andreae et al. 2004; Jirak and Cotton 2006) . However, while remote sensing techniques have been used to identify AIEs on clouds (e.g., Kaufman and Nakajima 1993; Feingold et al. 2003; Berg et al. 2008) , there is still great uncertainty regarding how to estimate these effects using such data and methods (Feingold et al. 2003; Berg et al. 2008) . That changes in aerosol concentrations are often associated with variations in meteorological conditions further complicates the assessment of AIEs (Matsui et al. 2004 (Matsui et al. , 2006 Kaufman et al. 2005) , and observations have shown that not only can the LWP increase with enhanced aerosol concentrations, but it can also decrease or remain constant (Platnick et al. 2000; Coakley and Walsh 2002; Han et al. 2002) .
Recent modeling studies have also demonstrated that the relationships between cloud processes and aerosols may differ from those proposed in the original aerosol indirect hypotheses. Enhanced CCN concentrations may reduce rather than increase the LWP in stratocumulus through drizzle and humidity effects (Jiang et al. 2002; Ackerman et al. 2004; Lu and Seinfeld 2005) and may cause a decrease in the cloud fraction of warm trade cumulus through enhanced entrainment (Xue and Feingold 2006; Jiang et al. 2006) . It has also been found that the cloud fraction of shallow cumulus may only increase with enhanced aerosol concentrations when the background concentrations are relatively low (Xue et al. 2008) and that while less precipitation is produced by polluted cumulus clouds, the rain drops may be larger because of a more efficient collection process (Altaratz et al. 2007; Berg et al. 2008; Saleeby et al. 2010; Storer et al. 2010) .
Simulations of deep convective storms (e.g., Fridland et al. 2004; Khain et al. 2004 Khain et al. , 2005 Zhang et al. 2005; van den Heever et al. 2006; Carrió et al. 2007; van den Heever and Cotton 2007; Storer et al. 2010 ) have demonstrated that not only do aerosols influence the microphysical properties of these clouds, but they also have an important effect on the storm dynamics and subsequent convective development. AIEs have also been found to vary based on the cloud or storm type under consideration (Seifert and Beheng 2006; Khain et al. 2008) , the stage in the storm life cycle (van den Heever et al. 2006; van den Heever and Cotton 2007; Berg et al. 2008) , and the background aerosol concentrations Xue et al. 2008) . Khain et al. (2008) found that increased aerosol concentrations produce increases in both the generation and the loss of condensate mass, the dominance of which was environmentally dependent. They conclude that the many discrepancies arising from aerosol indirect studies reported in the literature may be attributed to differences in the environmental conditions of the observations or numerical simulations, as well as to the different types of cloud systems being analyzed. Thus it is clear that there is still much we do not understand about aerosol indirect effects on various cloud types.
that occurs as a result of the emission of radiation from the atmosphere exceeding the absorption of radiation by the atmosphere is balanced by the heat transferred from the surface by convective processes and large-scale winds. The RCE framework has been used in a number of experiments focusing on the feedbacks among radiation, clouds, water vapor, and precipitation in the tropics (Held et al. 1993; Randall et al. 1994; Sui et al. 1994; Xu and Randall 1999; Tompkins and Craig 1998a,b; Su et al. 2000; Grabowski and Moncrieff 2004; Stephens et al. 2004b; Bretherton et al. 2005; Grabowski 2006) ; however, few experiments have been performed to examine AIEs on tropical convection, with the possible exception of Grabowski (2006) . He found from his experiments that AIF is dominated by the first indirect effect, that there was little if any impact on the hydrological cycle, and that while precipitation develops more readily in clouds developing in clean environments, the difference was insignificant when averaged over many clouds and over extended time periods. Grabowski did suggest that his results be viewed as preliminary because several model simplifications were used and only shallow convective clouds were represented.
d. Goals
The primary goal of the research described here was to investigate the impacts of enhanced CCN concentrations associated with dust intrusions on the microphysical, dynamical, and precipitation characteristics of the range of tropical cloud regimes developing within an environment that is in RCE. More specifically, the following questions were investigated: 1) What is the effect of enhanced CCN concentrations on the state of RCE and on the large-scale organization of convection? 2) What influence do CCN exert on the surface precipitation produced by the entire spectrum of tropical cloud modes, as well as the precipitation produced by each cloud mode? 3) What are the impacts of CCN on the microphysical characteristics of the modes of the tropical convection? In particular, how do CCN affect the liquid water and ice species, and the partitioning between these species? 4) What are the impacts of CCN on the dynamical characteristics of the modes of the tropical convection? More particularly, what impact do CCN exert on the strength, organization, and frequency of the updrafts?
These questions were addressed through the use of largedomain, long-duration, and fine-resolution convectiveradiative model (CRM) simulations.
Model and experiment setup a. CRM description
One of the reasons that AIEs are such an uncertain aspect of climate modeling is that current global climate models have to make use of parameterization schemes to represent convective and cloud processes. While such schemes produce many key characteristics of clouds, the interactions among cloud physics, cloud dynamics, cloud radiative transfer, and surface forcing are not well represented. Also, aerosols are not explicitly represented in GCM microphysical schemes and even within many CRM schemes. AIEs are often simply represented by techniques such as altering the autoconversion rate. Several studies have shown, however, that vertical velocity may be as important as the concentration of aerosols when considering aerosol effects (Nenes and Seinfeld 2003) , and the number of activated CCN has been observed to increase with increasing vertical velocity (Saleeby and Cotton 2004) . A CRM that eliminates the need for a convective parameterization scheme and that explicitly includes the effects of aerosol would therefore be most suitable for this research. The Regional Atmospheric Modeling System (RAMS; Pielke et al. 1992; Cotton et al. 2003 ) is one such model. RAMS is a nonhydrostatic CRM that has been successfully used to simulate many different atmospheric systems on a range of space and time scales.
The RAMS microphysics scheme (Walko et al. 1995; Meyers et al. 1997; Saleeby and Cotton 2004) in particular makes this CRM highly suitable for these simulations. This microphysical scheme has also been introduced into other CRMs such as the Goddard Cumulus Ensemble (GCE) model (Lee et al. 2009 ) and has been found to compare well with observations when conducting case study simulations (e.g., Cheng et al. 2009; Saleeby et al. 2009 ). For the experiments conducted here the twomoment scheme, which predicts both hydrometeor mixing ratios and number concentration, was utilized, and the following hydrometeor species were activated: pristine ice, snow, aggregates, graupel, hail, cloud water, and rain. The hydrometeor size distribution spectra are represented using a generalized gamma distribution function. While a two-moment bulk scheme is used for this research, this scheme in RAMS does not follow the methodology spearheaded by Kessler (1969) but rather attempts to represent the essence of bin-resolved microphysics models while still maintaining the cost effectiveness of a bulk scheme. For example, the activation of CCN is achieved through the use of look-up tables previously generated offline using a detailed bin-resolving parcel model (Feingold and Heymsfield 1992) . Cloud droplet collection is simulated using stochastic collection
equation solutions (Feingold et al. 1988) , also facilitated by look-up tables rather than by continuous accretion approximations, and the philosophy of bin representation of collection is extended to calculations of drop sedimentation (Feingold et al. 1998 ). The number of cloud droplets or pristine ice crystals N activated formed is given by the general formula
where N available is the maximum number of aerosol available to serve as CCN, giant CCN, or ice nuclei (IN) and hence for the nucleation of the first and second cloud modes and pristine ice, and F activation is an activation function based on ambient conditions. The variable N available is the model's prognostic aerosol variable and is initialized either heterogeneously or homogeneously, is advected or diffused, and has sources including evaporation and sinks including aerosol activation. The use of this scheme therefore avoids having to artificially specify a constant concentration of cloud droplets in order to represent pristine or polluted environments.
b. Model configuration
Based on the need for a sufficiently large model domain to capture the large-scale circulation between convecting and nonconvecting regions, as well as sufficiently fine grid resolution to represent tropical convective processes, the first suite of simulations performed for this research was conducted in two dimensions. While dimensionality can be expected to influence the scale, strength, and dimensionality of the simulated convection (Tompkins 2000; Stephens et al. 2008) , these simulations do capture many of the characteristics of tropical convection, as will be seen below, and are thus felt to provide a simple yet useful framework with which to examine AIF on the wide range of tropical cloud types that develop. Three-dimensional aerosol experiments with grid setups similar to those described in Stephens et al. (2008) are currently being performed, although these simulations represent a compromise between dimensionality and grid spacing. The two-dimensional simulations were run using a grid spacing of 1 km and 10 000 points in the zonal direction. The stretched vertical grid setup consisted of 36 levels, eight of which are found within the first 1-km AGL. The model top extended to approximately 26 km AGL. Periodic lateral boundary conditions were employed, while the top boundary was a rigid lid with four Rayleigh absorbing layers to prevent the reflection of gravity waves, and the lower boundary was a fixed oceanic surface with a SST of 300 K. A time step of 10 s was utilized and the simulations were run for 100 days. Coriolis force was turned off. A fixed solar zenith angle of 508 was employed, and thus the diurnal cycle is not represented in the model. The radiation scheme was updated every 5 min. While the radiation interacts fully with the microphysical processes in this model, it does not directly interact with aerosol species. Hence while AIF is accounted for, the direct forcing effects of aerosols are not represented here.
All of the simulations were initialized using the 0000 UTC 5 December 1992 Tropical Ocean and Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE) with initial zero mean wind in the vertical. The wind field evolves in time because of localized turbulence and broader-scale circulations that develop as the simulations progress. Convection was initiated by randomly and weakly perturbing the potential temperature field across the entire domain below 2 km AGL and, given the 1-km grid spacing, no convection parameterization scheme was necessary. While much of the setup is similar to that described in Stephens et al. (2008) , differences do exist in that the two-moment as opposed to single-moment microphysics parameterization scheme is used here, and the grid spacing is reduced from 2.4 to 1 km. Other relevant model options are summarized in Table 1 . This paper therefore describes the results of simple RCE experiments in which equilibrium is achieved over a lower boundary of fixed SST for a range of tropical cloud regimes in which there is no large-scale dynamical forcing. As such, this means that convection is driven solely by surface heat and moisture fluxes and radiational cooling, and that no largescale convergence, mean wind or vertical wind shear were imposed, being similar in this respect to numerous previous RCE studies (e.g., Tompkins and Craig 1998a; Pakula and Stephens 2009 ).
c. Experiment design
A series of experiments was conducted in which the number of aerosol available to act as CCN was varied from pristine to polluted concentrations. While it is recognized that aerosols such as salt and dust can also serve as giant CCN and IN, the focus here is on CCN. The CONTROL simulation was initialized horizontally homogeneously with pristine surface CCN concentrations of 25 cm 23 that decrease with height as a function of air density. A threshold is imposed in the model that prevents the aerosol concentrations dropping below 20 cm 23 . The CONTROL simulation was run until RCE was achieved, a process that takes about 60 simulation days.
Sensitivity tests were then conducted in which the CONTROL simulation was restarted from day 60 and a layer of enhanced aerosol concentrations was introduced between 2 and 4 km AGL. This idealized model setup can be thought to be representative of the situation that occurs in the tropics when a polluted layer, such as a Saharan or Asian dust layer, is advected over the tropical Atlantic or Pacific Oceans, respectively. Saharan dust tends to reside in a layer between 2 and 4 km AGL (e.g., Prospero and Carlson 1981) . For each consecutive experiment the number concentrations of the aerosol available to serve as CCN between 2 and 4 km AGL were doubled, starting with 100 cm 23 . Similar aerosol concentrations have been used previously (e.g., Xue and Feingold 2006; van den Heever et al. 2006) , and concentrations between 300 and 1200 cm 23 at 0.7% supersaturation were observed in association with Saharan dust during the Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida-Area Cirrus Experiment (CRYSTAL-FACE) field campaign (van den Heever et al. 2006) . The details and naming conventions of the sensitivity experiments that were conducted are shown in Table 2 . The sensitivity experiments were then run for another 40 days. As these experiments were performed over such a long time period the aerosol concentrations within the 2-4-km layer were updated each time step, thus providing a continuous source of aerosol and thereby being representative of a dust layer advecting over an oceanic region. This was the only source of aerosol allowed. The aerosols are removed from the model domain following processes such as activation and precipitation.
It is important to note that the aerosols available for activation are advected around the model domain by the model winds and are not therefore confined to the 2-4-km layer but are found throughout the domain in varying concentrations, even within the lowest levels of the model. The vertical motion associated with the development of cumulus, congestus, and deep convective clouds well above the height of the trade inversion in the disturbed regions, as well as occasional penetrations of the trade wind inversion by shallow cumulus in the regions of broad descent, are examples of processes that influence the CCN concentrations in the lower levels, which may be locally high at times. While the focus of this investigation is on the impacts of an elevated dust source of high aerosol concentrations on tropical convection, scenarios in which aerosol concentrations are greatest at the surface and decrease with height could also be expected influence tropical cloud distributions and are suggested as future research.
As it will be seen below, a wide range of typical tropical cloud systems develop under the environmental 
conditions that arise in these simulations. These experiments therefore allow for the assessment of AIEs not only on the tropical cloud spectrum as a whole, but also on the individual cloud types making up this spectrum, all within a self-consistent modeling framework.
Results

a. RCE
A time series of the domain-averaged columnintegrated water vapor or precipitable water (PW), the thermal (latent plus sensible) heat flux (THF), the column net radiative flux divergence (QRAD), and the precipitation rate (PR) for the CONTROL simulation are shown in Fig. 1 . Multiple time scales are evident in these fields as equilibrium is achieved in the model. Such time scales have been previously observed (e.g., Robe and Emanuel 1996; Tompkins 2000) . On the longer time scales, the PW field demonstrates that equilibrium is achieved after ;60 days (Fig. 1a) , while shorter times scales are evident in the precipitation rate (Fig. 1c) . The radiative flux divergence and the thermal heat flux reach balance between 113.5 and 116.1 W m
22
, and the mean precipitation rate is approximately 3.4 mm day 21 , thus comparing relatively well with the global average precipitation rates, which are on the order of 3 mm day 21 (Kiehl and Trenberth 1997) . At equilibrium, the domainaveraged PW values for the CONTROL and aerosol experiments range between 31.3 and 33.5 mm depending on the experiment (Table 3) . Stephens (1990) showed that for SSTs of 300 K, PW values average 41 6 4 mm. The model PW values are thus 4-5 mm (;10%) drier than observations over 300-K waters. This can in part be attributed to the two-dimensionality of the grid that artificially enlarges the areas of subsidence (Bretherton and Smolarkiewicz 1989; Tompkins 2000; Pakula and Stephens 2009) . If the PW is averaged over what may be referred to as the convectively disturbed regions, defined after Stephens et al. (2008) to be those regions of the grid where the vertically integrated condensate is greater than 0.01 kg m 22 and the outgoing longwave radiation (OLR) is less than 260 W m
, the values range from 44.1 to 45.7 mm (experiment DIST-PW in Table 3) , which is more in keeping with observations of deep convective regions in the tropics.
b. CONTROL convection characteristics
As the CONTROL simulation progresses it is evident that the water vapor field becomes organized into coherent moist and dry bands that tend to remain relatively stationary with time over the 100-day simulation period (Fig. 2) and are maintained by the circulations established between them. Such organization has been previously observed (e.g., Held et al. 1993; Tompkins 2001; Grabowski and Moncrieff 2004; Stephens et al. 2008) . Self-aggregation of convection occurs preferentially within the regions of greatest available PW (Fig. 2) . The scale of the band organization differs from that described in Stephens et al. (2008) , which points to the role played by microphysical processes, as well as to the impact of better resolving the convection. Temporally averaged zonal-height cross sections through these moist and dry bands are shown in Fig. 3 . Many of the features typical of tropical convection (e.g., Simpson 1992; Johnson et al. 1999 ) are evident in this figure. The broad regions of ascent (descent) (Fig. 3a) are associated with regions of high (low) relative humidity (Fig. 3b) . Three relatively moist layers are centered around ;2, 5, and 11 km (Fig. 3b) , arising as a result of detrainment associated with the stable or weakly unstable layers of the trade wind inversion, the freezing level (;5 km), and the tropopause (;15 km) (Fig. 3c) . Both the regions of detrainment and the stable layers compare favorably with previous observations (Johnson et al. 1999) . They are associated with three overturning circulations, the roles of which have previously been described (Posselt et al. 2008) . Trade wind cumuli are evident below the strong trade wind inversion in the regions of large-scale subsidence. Also evident is the overshooting of these cumulus turrets above the inversion layer and the deepening of the trade cumulus layer as the disturbed regions are approached (Simpson 1992) . Within the regions of deep ascent, the trade wind inversion does not exist as a true temperature inversion but rather a region of weakly decreasing temperature, and two populations of cumuli are evident, appearing to represent the forced and active trade cumulus described previously (e.g., Randall 1980; Johnson and Lin 1997) . The condensate maxima at midlevels are associated with midlevel detrainment from congestus clouds, although detrainment from the sides of deep convection can also contribute to this detrainment (Johnson et al. 1999 ). This detrainment (Fig. 3b) is associated with enhanced cloud populations ( Fig. 3d ; see also below) and is supported by previous observational (Malkus and Riehl 1964; Mapes and Zuidema 1996) and modeling studies (Liu and Moncrieff 1998) . As it will be seen below, congestus clouds may overshoot the 08C stable layer. Should these clouds overshoot deep enough, the additional buoyancy obtained from glaciation will allow them to rise to the tropopause (Zuidema 1998) . Finally, the deep layer of steep lapse rates in the upper troposphere is collocated with deep convective systems and the associated condensate maxima.
The cloud fraction (defined where the total condensate is greater than 0.01 g kg
21
) as a function of height is shown in Fig. 4 . The trimodal distribution of convective clouds is once again apparent in this figure, with the modes being separated at heights of approximately 4 and 7 km. The shallow cloud mode, which takes into account both the trade wind cumulus of the subsidence regions and the trade-like cumuli of the ascending regions, is the most predominant mode, as is typically seen in observational studies (Rossow and Schiffer 1999; Sassen and Wang 2008) . The middle or congestus mode, which peaks around 5 km, has the lowest cloud fractions of the three modes and will also include those clouds associated with the midlevel detrainment of moisture. Finally, the cloud fractions of the deep convective mode peak at ;10 km and are slightly greater than those of the middle or congestus mode. Congestus clouds may also form part of the deep convective mode following glaciation.
Thus it is apparent that these simulations capture many of the cloud distribution characteristics of tropical convection within both the ascending and descending regions of the tropics. While the wet and dry bands of this simple model setup can be thought of as being representative, to some degree, of the ascending and descending branches of the Hadley or Walker circulations, strong caution must be exercised when making comparisons of such simple model setups (fixed SST, 2D, no Coriolis force) with reality. These simple simulations do, however, provide us with a self-consistent manner in which to investigate the impacts of aerosol indirect forcing on 
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the range of different cloud types that do develop within the ascending and descending regions of the tropics. It is to these aerosol effects that we now turn our attention.
c. AIEs on RCE
The impacts of varying aerosol concentrations on the state of equilibrium may be deduced from Table 3 , which shows various quantities averaged over days 60-100 of the simulation, the time period from when the aerosol layer was introduced to the end of the simulation.
It is apparent that enhanced aerosol concentrations tend to result in increasing trends in PW, weak mixed trends in the DIST-PW, decreasing trends in the PR, decreases in the THF, and a somewhat mixed response in QRAD. The differences between THF and QRAD, which represents the state of RCE, tend to increase in magnitude with increasing aerosol concentrations, ranging from 21.1 W m 22 at low aerosol concentrations to about 23.4 W m 22 at high concentrations. However, the changes in all of these fields as a result of variations in aerosol 
d. AIEs on convective organization
The impact of enhanced aerosol concentrations on the convective organization is evident in Fig. 5 , which shows Hovmö ller plots of PW for the various aerosol experiments. While there are some differences, the overall large-scale organization of the moist and dry regions remains relatively similar. These results therefore suggest that AIEs have a relatively small impact on the largescale organization and self-aggregation of convection, and that the large-scale controls associated with radiational cooling and surface heat and moisture fluxes are more significant. However, AIF on the cloud fraction at each level is more significant, as is evident in Fig. 4 . Enhanced aerosol concentrations result in a decrease in the cloud fraction of the shallow mode (although there is a weak increase in cloud fraction between ;3 and ;4 km, an increase in the middle or congestus mode, and a weak increase in the high-level clouds. The maximum changes in cloud fraction due to the greatest enhancements in available aerosol concentrations (between CCN-100 and CCN-1600) are on the order of approximately 35% for the shallow mode, 45% for the middle mode, and about 10% for the deep mode. AIEs therefore exert a relatively significant effect on low and middle cloud fractions but a weaker influence on the fraction of high clouds. The causes for this will be discussed below.
It was shown in Stephens et al. (2008) that the largescale organization of the moist and dry bands was strongly dependent on the upper-tropospheric radiative heating by high clouds. While the impacts of enhanced CCN concentrations have a significant effect on the cloud fraction at low and middle levels, this effect is reduced for high clouds. It is thus reasonable to expect that the response of the large-scale convective organization to changes in CCN concentrations is weak, given the small response in high cloud fraction to enhanced aerosol concentrations. The impacts of AIEs on the large-scale organization may be significantly greater when considering aerosol species that serve as IN (Carrió et al. 2007 ). , respectively. It is apparent from Fig. 6 that increased aerosol concentrations result in general in increased updraft strengths, being particularly obvious for the higher aerosol cases. There is a mixed response for the middle clouds for the lower updraft thresholds. The maximum differences between the aerosol experiments and the CCN-100 case are on the order of ;10% to ;15% of the mean updraft velocities for all three velocity thresholds of the CCN-100 case. Accompanying the enhanced updraft strengths is an increase in the domain fraction covered by these stronger updrafts (Fig. 7) , although the domain fraction is less for the CCN-1600 case in the upper levels for the updrafts greater than 5 m s 21 . The maximum fractional domain differences are approximately 2%, 15%-20%, and 50% (reaching close to 100% for some levels) of the fractional means for the 0, 1, and 5 m s 21 velocity thresholds in the CCN-100 case, respectively. These simulations therefore demonstrate that enhanced aerosol concentrations are associated with stronger updrafts, and these stronger updrafts cover a greater fraction of the domain more frequently, a trend that becomes more evident when focusing on those updrafts larger in magnitude. It is interesting to note in these simulations that the impacts of AIEs are seen not only in the upper levels where the suppression of the warm rain process results in greater amounts of cloud as a function of height for all of the aerosol sensitivity tests.
water being available for lofting, freezing, and latent heat release in the upper levels of the cloud, but also in the middle mode and the upper regions of lower mode where the formation of greater amounts of cloud water due to enhanced CCN concentrations appears to produce a similar effect.
f. AIEs on precipitation rates
The precipitation rates, averaged over the entire domain for the last 40 days of the simulation, are shown in Table 3 . It is apparent from this table that the grid domain averaged precipitation rates decrease with increasing aerosol concentrations, although there is an increase in these rates between CCN-100 and CCN-200. The decreasing trend in the domain-averaged precipitation is in keeping with the first AIE. The range in response of the domain-averaged precipitation between CCN-200 and CCN-1600 is weak, being only approximately 7% for a 16 times increase in aerosol concentrations. However, when the precipitation is averaged only over those 
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points that are precipitating, the precipitation rates increase with increasing CCN (Fig. 8a) , being on the order of ;13% and 15% for the 1 and 5 mm day 21 thresholds, respectively. This is associated with a decrease in fractional domain coverage of approximately 10%, 17%, and 16% for these cases (not shown). A frequency distribution plot for rainfall rates (mm h 21 ) for the CCN-200 and CCN-800 cases demonstrates that the frequency of those systems producing rainfall rates less than ;7 mm h 21 are reduced in the presence of enhanced CCN concentrations, whereas the frequency of heavier rainfall producing systems is enhanced under polluted conditions, a fact that is supported below when examining the frequency and precipitation contributions of congestus and deep convective systems. Such trends can be attributed to the more frequent, stronger updrafts associated with polluted conditions.
g. AIEs on water and ice characteristics
The temporally and spatially averaged vertically integrated hydrometeor species are shown in Fig. 9 . Enhanced aerosol concentrations result in an overall increase in the amount of cloud water and a decrease in the amount of rainwater produced (Fig. 9a) , which is in keeping with AIF theory and the suppression of the warm rain process. The increase in cloud water over the range of experiments is ;22%, while the decrease in rain is ;27%. Overall, the amount of liquid water within the atmosphere increases (;7%), with increasing aerosol concentrations being dominated by the cloud water trends. Increases in both the amount of cloud ice (pristine ice 1 snow 1 aggregates) (15%) and in graupel and hail (36%) also occur as the CCN concentrations are increased (Fig. 9b) , resulting in a total ice mass increase ; and (b) precipitation rate (mm h 21 ) frequency distribution plot for the CCN200 and CCN800 cases. The frequencies are expressed in a relative sense where, for example, 50% implies that the frequency for some precipitation rate is the same in both cases.
of ;23%. With the suppression of the warm rain process and the resultant increase in cloud water, more cloud water is available to be vertically transported within the storm, and hence is available for participation in ice formation processes. Increased temperatures and subsequent changes in supersaturation as a result of the latent heat release also contribute to the ice content. The ratio of the ice mass to that of liquid water increases by ;18% across the range of aerosol experiments (not shown), which can have significant implications for the earth's radiation budget given their different scattering properties.
h. AIF of cloud mode characteristics
As we saw from Fig. 4 , the convection within these simulations is distributed in a trimodal manner, with maxima in cloud fraction being separated around 4 and 7 km AGL. The characteristics of these three cloud modes will now be discussed in more detail. For the analysis presented here, low clouds are defined to have cloud tops below 4 km, middle clouds have cloud tops between 4 and 7 km AGL, and high clouds have tops above 7 km AGL. Cloud top was determined by starting at the top of each model column and sampling downward until reaching the level where the total condensate was greater than 0.01 g kg 21 . This sampling procedure has weaknesses as discussed below. Such weaknesses are also encountered with satellite data.
Frequency distributions of low, middle, and high cloud modes for each of the aerosol experiments are shown in Fig. 10 . The total cloud fraction is approximately 40%. From Fig. 10 it is apparent that the low cloud mode is predominant, with a cloud fraction of between 20% and 25%; the middle mode has cloud fractions of between 3% and 5% and the high mode between 12% and 15%. Enhanced CCN concentrations result in a decrease in low cloud frequency on the order of magnitude of 22% across the aerosol experiments, but an increase in the middle and high level cloud modes on the orders of 51% and 6%, respectively. The enhanced CCN concentrations in these large-scale simulations therefore do not result in greater low cloud fractions, as suggested by the second AIE, and are more in keeping with the findings of Xue and Feingold (2006) and Jiang et al. (2006) . While this has been attributed to greater entrainment rates in the more polluted cases (Xue and Feingold 2006; Altaratz et al. 2007 ), this cannot be assessed with the grid dimensions utilized here. The increased cloud frequencies in the upper levels with enhanced CCN concentrations are associated with more frequent, stronger updrafts in these cases. The reasons for the increased frequency of the middle-level clouds appear to be related to the enhanced buoyancy associated with ice processes as these FIG. 9 . Temporally and spatially averaged vertically integrated fields of (a) cloud, rain, and total liquid, and (b) PSA (pristine ice 1 snow 1 aggregates), GH (graupel 1 hail), and total ice for the various aerosol experiments.
FIG. 10. Frequency occurrence (%) of low (,4 km), middle (4-7 km), and high (.7 km) cloud for each of the aerosol experiments.
clouds penetrate the 08C stable layer. This is further evident when examining cloud echo-top height-precipitation echo-top height (CETH-PETH) histograms (Masunaga et al. 2005; Stephens and Wood 2007) produced using Quickbeam, a CloudSat simulator (Haynes et al. 2007 ) that generates a radar reflectivity field using model output (Fig. 11) . The CETH and PETH are determined at the level of the 230-and 10-dBZ returns, respectively, and the fields shown in Fig. 11 are difference plots from CCN-100. It is evident from this plot that enhanced CCN concentrations produce an increase (decrease) in the frequency of the population with cloud tops above (below) the freezing level. This appears to occur as a result of the suppression of warm rain processes in the lower population, which results in more cloud water being available for lofting above the 08C, upon which freezing releases latent heat thereby enhancing the buoyancy. This is supported by the trends in liquid (LWP) and ice water path (IWP) for the congestus modes (shown in Tables 6  and 7 and discussed below). The trends in the other cloud types evident in Fig. 11 are in keeping with those previously discussed.
The weaknesses of classifying clouds into low, middle, and high clouds by sampling down a column from the top of the atmosphere include not correctly accounting for multilevel cloud systems, undercounting those cloud types that are located under higher cloud types, and grouping together cloud types (such as anvil cirrus and deep convection) that have very different contributions to processes such as surface precipitation rates. A powerful aspect of a CRM is that clouds can be more accurately classified into various cloud types rather than simply into low, middle, and high clouds. The output from all the aerosol experiments was reclassified using the scheme shown in Table 4 . In this table, M1 refers to those clouds below 4 km AGL, M2 to those clouds located between 4 and 7 km AGL, and M3 to those clouds with cloud tops above 7 km AGL. The arrows in this scheme, such as for M1/M3, imply that cloud extends from M1 to M3 (below 4 km to above 7 km in this example), while the ampersand symbol in the scheme, such as in ''M1&M3,'' indicates that two discontinuous layers of cloud exist (one below 4 km AGL and one above 7 km AGL in this example). Only 2% of all the cloudy points within these simulations do not fall into one of the types of this classification scheme.
Using this cloud classification scheme, the overall cloud fraction for the CCN-100 case is ;42%, and while this 
does vary as a result of the aerosol concentrations, the variation is not significant. Single cloud layers contribute ;71% to the cloud cover, while double and triple cloud layers make up ;21% and 6%, respectively.
Multilayered cloud systems therefore make up ;29% of the systems occurring within these simulations. Stephens and Wood (2007) emphasized the importance of multilayered structures in their radar analysis of tropical ). The surface is indicated by thick horizontal lines, while the 4-and 7-km AGL levels are shown with single horizontal lines. The name of each element of the scheme is given below each figure in the table. The arrow indicates that the cloud extends from one level to the next, while the ampersand implies the existence of more than one layer of cloud, but these clouds are not joined (e.g., MM1&MM3 indicates the presence of multiple layers below 4 km and above 7 km AGL, respectively). 712 convection, finding that precipitating systems were multilayered between 45% and 53% of the time. For these simulations, surface precipitation was associated with multilayered systems ;35% of the time, thus also demonstrating the importance of multilayered systems in the tropical precipitation.
The cloud fraction of each cloud type, as well as the contributions made by each cloud type to the LWP, IWP, and the surface precipitation, all as a function of aerosol concentration, are shown in Tables 5-8, respectively. The cloud types are grouped into low, middle, and high clouds by their cloud tops, but their contributions are kept distinct. The cloud type with the greatest frequency of occurrence is M1 (e.g., trade wind cumulus), followed by M3 (e.g., cirrus or upper-level anvil clouds). It is apparent from Table 5 that the trends in modal frequency are consistent with those discussed previously, and that the relative changes in frequency of middle clouds is more susceptible to AIF than the other two modes, although their initial frequencies are low. This represents the importance of AIF on those cloud systems that vary between being warm-phase and mixed-phase systems, with AIEs assisting in the transition between these two phases through buoyancy effects.
The greatest contributors to the LWP are low-level cumulus/stratocumulus (M1 and MM1), deep convection (M1/M3), congestus below upper-level cirrus (M1/ M2&M3), and cirrus overlaying low-level cumulusstratocumulus (M1&M3). All of the other cloud types contribute less than 7% to the LWP, although the congestus contributions are close to this. Enhanced CCN concentrations have the greatest impacts on the LWP contributions of the middle clouds, leading to an increase of ;30%, while the high cloud contributions to the LWP increase by only ;4.4%. Enhanced aerosol concentrations result in a decrease in the LWP of ;20% for low clouds. That the LWP decreases with enhanced CCN concentrations for these low-level clouds is not in keeping with the traditional second AIE, but rather is in keeping with other studies (Jiang et al. 2006; Xue and Feingold 2006; Altaratz et al. 2007 ). Deep convection is by far the most significant contributor to the IWP of all the cloud types contributing on the order of 79%-80% of the ice mass (Table 7) . Contributions to the IWP also come from those cloud types involving M3 (upper-level cirrus), as well as those cloud types in which M1/M2 (congestus) forms a part. While the contributions from the high clouds including deep convection vary little in response to AIF (;1%), the middle clouds, in particular congestus, show a much greater variation (76.5%), although their overall contribution to the total IWP is small.
As with the IWP, the most significant contributor to the surface precipitation (Table 8) is the deep convective mode (M1/M3), contributing between 60 and 70%, 
depending on the aerosol concentration. Lesser, although still significant contributors include congestus under upper-level cirrus (M1/M2&M3), low-level cumulusstratocumulus (M1), and congestus (M1/M2). Enhanced aerosol concentrations cause a reduction of ;60% in the contributions to surface precipitation made by the low-level clouds over the range of aerosols considered here as a result of the suppression of the warm rain process. A mixed precipitation response in the middle mode and a ;8% high cloud enhancement are evident. Precipitation contributions from the deep convective clouds, those clouds contributing most significantly to the total precipitation, are increased by ;14% across the range of aerosol concentrations, while congestus contributions are increased by ;19% and are associated with the aerosol dynamic effect. These results therefore suggest that the impacts of enhanced CCN concentrations are to decrease the cloud fraction, LWP, and precipitation contributions from low-level clouds and to increase the cloud fraction, LWP, and precipitation contributions from congestus and deep convective clouds.
Discussion and conclusions
The impacts of enhanced CCN concentrations on the characteristics of tropical convection have been investigated through the use of large-domain, fine-resolution, long-duration idealized CRM simulations conducted under a RCE framework. These simulations replicated numerous features typical of tropical convection. Aerosol concentrations ranging from 100 to 1600 cm 23 were released between 2 and 4 km AGL, being representative of an outbreak of dust over oceanic regions. The scale and duration of these simulations provide a unique opportunity to investigate the impacts of aerosol indirect forcing on the wide range of cloud distributions that develop within a consistent model framework.
The CRM model results demonstrate that the largescale organization of convection is only weakly influenced by variations in CCN concentrations, with the large-scale dynamics exerting the far more dominant control. Also evident is that decreases in the domainaveraged precipitation (;7%) and domain total cloud fraction (;6%) associated with enhanced CCN concentrations are small in magnitude. Such weak, largescale responses in precipitation and cloud fraction are in keeping with findings of Grabowski (2006) . While the large-scale, domain-averaged responses to increased CCN concentrations tend to be weak, both modal and local responses to aerosol indirect forcing tend to be larger in magnitude. Cloud frequencies vary by approximately 22%, 51%, and 6% for the shallow, middle, and high modes of the trimodal distribution in response to enhanced CCN concentrations. The precipitation contribution from shallow clouds decreases on the order of 60%, shows a mixed response for the middle mode, and increases by 8% for the high cloud mode, with contributions from the analysis of specific clouds types being even greater (14% for deep convection and 19% for congestus clouds). The LWP contributions from shallow clouds are found to decrease, but they increase for the middle and high clouds modes, and the IWP contributions vary most for the middle mode, although their contributions to the total IWP are small. The different responses to aerosol indirect forcing based on the cloud type or cloud mode evident in this study provide support of other previous studies in which the importance of cloud type is stressed (e.g., Seifert and Beheng 2006; Khain et al. 2008) . A dynamic response to increased aerosol concentrations is evident, with increases both in updraft speed and frequency. The influence of aerosol indirect forcing on the total cloud water (22% increase), rain (27% decrease), cloud ice (15% increase), graupel and hail (36% increase), and the ratio of ice to liquid water (18% increase) are also not insignificant and tend to be in keeping with aerosol indirect forcing theories. It should be noted that the domain-averaged responses in precipitation and water vapor are largely constrained by the fixed SST assumption of these RCE simulations, and hence it may not be unexpected that changes in the domain-averaged responses are small. However, aspects associated with enhanced CCN concentrations (such as greater surface evaporation rates driven by stronger storms, variations in evaporation rates associated with changes in the drop size distribution, and differences in radiative forcing due to the changes in cloud fraction, type, and vertical distribution) will also all impact the latent and sensible heat fluxes, thus indicating that fixed SSTs are not the only constraint on the system. In summary, the RCE simulations presented here demonstrate that for tropical environments, which are never far from a state of RCE, the large-scale organization, domain-averaged precipitation, and total cloud fraction responses to enhanced CCN concentrations associated with dust intrusions are relatively weak. However, the role of aerosol indirect forcing may be quite substantial when examining localized effects or the influences pertaining to a specific cloud type within the tropics. Aerosol indirect forcing associated with the three tropical cloud modes was found to be quite significant in magnitude and often different in sign, a fact which appears to contribute to the weaker domain-averaged response. These simulations therefore suggest that aerosol indirect effects associated with shallow clouds in the tropics may offset or compensate for the aerosol indirect effects associated with congestus and deep convection systems and vice versa, thus producing a more moderate domain-wide response to aerosol indirect forcing.
